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Abstract
It has been observed recently that many properties of some near extremal black holes
can be described in terms of bound states of D-branes. Using a non-renormalization theo-
rem we argue that the D-brane description is the correct quantum gravity description of the
black hole at low energies. The low energy theory includes the black hole degrees of free-
dom that account for the entropy and describes also Hawking radiation. The description





Recently [1] the entropy of extremal black holes in string theory was calculated by
counting the number bound states of D-branes. The D-brane description corresponds to the
weak coupling limit while the black hole description corresponds to strong coupling. In the
rst case the gravitational radius of the conguration is smaller than the string scale while
it is bigger than the string scale for the latter. Extremal black holes are supersymmetric
BPS solutions. Supersymmetric nonrenormalization arguments ensure that we can do the
counting of states at small coupling and then extrapolate the result to the strong coupling
domain. This ensures that the D-brane counting agrees with the classical area law for the
black hole entropy [1].
While this explains the agreement found for extremal BPS solutions [1,2,3,4] it has
not been clear why D-brane calculations for near extremal black holes also agree with black
holes. The agreement includes entropy counting [5,6,7,8,9] as well as more detailed dynam-
ical properties such as absorption cross sections and Hawking radiation [10,11,12,13,14,15].
Here we give a rationale for this agreement for a class of near extremal ve dimensional
black holes (in the so called dilute gas region). The excitations of the D-brane system
at low energies are described in terms of a moduli space approximation. Using a non-
renormalization theorem we argue that this low energy theory receives no corrections
when we increase the coupling and we go from the D-brane region into the black hole
region. Therefore the same moduli space describes the low energy dynamics in the black
hole region. We then argue that the energy of the excitations accounting for the entropy
and Hawking radiation are low enough to be described within the low energy eld theory.
In order to do this we estimate the size of the corrections to the low energy theory, we
estimate this on the weakly coupled side and we see that extending this criterion to the
strong coupling region gives a sensible picture.
We start in section 2 by describing the regime of interest, the type of black holes
considered as well as the low energy condition. In section 3 we describe the low energy
D-brane theory and argue that it can be extrapolated to strong coupling, provided the
energy is low enough, we also give the condition that the energy has to satisfy. In section
4 we explain why things calculated in the two regimes should agree. In section 5 we study
the possibility of D-brane emission. In section 6 we argue that these results imply that the
dynamics for these black holes is unitary at low energies.
2
2. Low energy eld theory






. We consider ve









, the four parameters correspond to three charges and the mass.
The explicit solution is written in [16] and we follow the conventions there. The charges
correspond to a system of Q
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and momentum P = n=R along S
1
.










for reasons that will become clearer later. In most of the discussion we take the size of
the T
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very long (we will discuss what changes if
S
1
is small later on) and we take 
0









 Q, all these approximations are done for simplicity and clarity in











. The typical gravitational radius of the









g  gQ. The gravitational radius is dened by the condition
that the redshift between a static observer and the asymptotic observer becomes of order
one.
In all our discussion the coupling g is small g  1 so that closed string eects are
small. However the eective open string coupling is gQ since it is like a large N gauge
theory
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(N = Q). When the coupling is weak gQ 1 then we are in the domain of validity
of the D-brane perturbation theory. If gQ 1 we say that the coupling is strong and we
are in the semiclassical black hole domain. Note that this denition of strong coupling
is not the strong coupling region g  1 which is present in usual discussions on string
dualities. Here we have strong coupling because of the large number Q of branes.







 1 or !
2
gQ 1 (2:2)
For example, in a scattering process the energies of the particles measured at innity satisfy
(2.2). In this limit the Compton wavelength of the particle is much bigger than the size of
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the black hole, so the black hole appears eectively as a pointlike system from the point of
view of the low energy theory on the bulk. Note that energies are low with respect to 1=r
g
which can itself be very low, for an astronomical size black hole this energy is extremely
low, in particular much smaller than the string scale, the compactication scale and other
microscopic scales in the problem.
In the low energy black hole region one can do calculations using the method of
quantum elds on a xed classical background, this is the semiclassical domain, it is the
domain in which Hawking radiation occurs, for near extremal black holes the wavelength of





















. One can compute
Hawking radiation in this way, absorption cross sections, etc. The traditional semiclassical
view [17][18] is that in this case we can only have a thermal description of the system, the
emitted particles do not know about the microscopic state of the black hole.
There are however things that we cannot do in this low energy domain, we cannot
measure the local geometry, since waves have wavelengths much greater than the gravi-
tational radius, the observer at innity cannot measure the precise shape of the metric
outside the horizon. His measuring rod is longer than the black hole. For him the black
hole is as a pointlike system that can absorb energy and radiate it back thermally. It
should be noted however that the absorption cross section depends on some features of
the geometry, so it is in some sense a measure of the geometry, but not detailed enough to




 1 it is easy to see that there is a smooth horizon, of size bigger than 
0
, however we
could also have a smooth horizon in the extremal limit, r
0
= 0, as long as r
n
 1 (in other words,








typical low energy wave
 horizon radius r
g
λ ∼ 1/ω  








 . The sizes
of the circles give an idea of the areas of the 3-spheres and  is the
typical wavelength of the particles we scatter.
3. D-brane low energy theory, Moduli space approximation.
We will now concentrate on the open string sector of the theory describing the excita-
tions of the D-branes. This sector becomes strongly coupled in the black hole region. This
theory is a (1+1) dimensional eld theory with (4,4) supersymmetry since this is the super-
symmetry left unbroken by the extremal D-branes (1D + 5D branes). This supersymmetry
is similar to N=2 in D=4. These theories have vector multiplets and hypermultiplets. In
two dimensions the vector multiplet and hypermultiplet seem very similar, both have four
physical scalar components. The distinction between them is that they have dierent
transformation properties under R symmetries. This was discussed in the context of three
dimensional theories in [19] where the same problem appeared. To understand this it is
useful to think of this theory as the dimensional reduction of a six dimensional N = 1
theory. In six dimensions there is a SU(2)
R
symmetry, the vector multiplet has no scalar
components and its bosonic components are trivial under the SU(2)
R
. On the other hand
the hypermultiplet has four scalar components transforming as the 2 of SU(2)
R
. When







again the vector and hypermultiplets will transform dierently under these R-symmetries
and that is what distinguishes them. It is interesting also that the two SU(2) factors




R denote also left and right moving. The vector multiplets are related to separation of
the branes in the extended four spatial dimensions and the hypermultiplets correspond to
\dissolving" the onebranes inside the vebrane [20].
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When we go to low energies we will keep only the massless excitations and terms in





massless elds parameterizing the moduli space of the bound state













where S(m) is the permutation group of m elements. This moduli space was obtained by
duality arguments (by Vafa [21]) and it was later shown in [22][23] that this gives a mi-




which is fully U-duality invariant.
Summarizing, the situation is that we know by indirect arguments that the moduli space
should be (3.1), at least topologically. In principle one could calculate the metric on this
moduli space in the weakly coupled D-brane theory.
As in four [24] and three [25] dimensions it is possible to prove that supersymmetry
implies that there are no couplings between vectors and neutral hypermultiplets. The ar-
gument is similar to the one presented in [25]. It starts with the observation that both the
vector and hypermultiplet moduli spaces are hyperkahler manifolds. The complex struc-
tures transforms dierently under the R-symmetries, they transform as the 3 of SU(2)
R





for the vector moduli space. A property
of hyperkahler manifolds is that if they contain more than three independent complex
structures then they can be decomposed into a direct product of two separate hyperkahler
manifolds [26]. If we consider the hyperkahler space containing both vectors and hypers we
see that there should be more than three independent complex structures because of the
required properties under R-symmetry transformations, therefore this space decomposes
into a product of the vector and the hypermultiplet moduli space. We are interested in
the hypermultiplet moduli space since it parameterizes the space of possible bound state
congurations [1][27]. Following the ideas in [28] we regard the coupling constant as a
background eld, which should then be a vector multiplet since it appears in front of the
gauge kinetic term, an interaction that would be forbidden if it were a hypermultiplet.
This implies that there are no corrections, perturbative or non perturbative, to the hyper-
multiplet moduli space. This implies that the hyperkahler metric, once we calculate it, is
not renormalized when we increase the coupling.
In two dimensions we also have to worry about the fact that vacuum expectation
values are not well dened for massless elds. It is more accurate to speak about the
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resulting conformal eld theory rather than the moduli space itself. It is a conformal
eld theory because a hyperkahler metric is Ricci at [26]. The statement would be that
the conformal eld theory can be extrapolated from weak to strong coupling. However
there is another related problem which is that the branches on the moduli space are not
so well separated. There is a nonvanishing probability for the system to wander into the
vector moduli space, which corresponds physically to the emission of D-branes, the scalars
of the vector multiplet correspond to separating the brane in the extended R
4
spatial
dimensions. We will argue in sec. 6 that this process is highly suppressed for entropy
reasons. Similar problems appear when non-renormalization theorems are applied to the
quantum mechanics of D0-branes [29][30].
As a aside, notice that there are indeed corrections to the vector moduli space, for
example if a one brane is far from the vebranes then the moduli space is classically at
but there is a one loop correction coming from integrating out the massive (1,5) strings
that gives the gQ=r
2
correction to the metric in moduli space [31]. This also shows that
the coupling constant is indeed in a vector multiplet, otherwise it could not have aected
the vector multiplet moduli space.
Note that the \D-brane theory" that has been applied to compute the entropy [5],
and scattering cross sections [11], [13], was precisely this moduli space approximation to
the motion of the D-branes since only the massless excitations on the branes were taken
into account. So it is this moduli space approximation that has been observed, by direct
calculation, to agree with the semiclassical results at strong coupling.
The conclusion is then that at low enough energies the excitations of the system are
correctly described by this moduli space approximation, even for strong coupling!. Now
the question is: what energies are \low enough"?
First let us estimate, in the weak coupling theory, what the mass of the least massive
states is. One appealing picture is to think of the one brane charge as carried by instantons











) otherwise the total energy in the instantons
in comparable to the energy of the vebranes and the vebrane might bend or deform
where there are many instantons. In other words, higher order terms in a Dirac-Born-





more reasonable to consider a set of two intersecting three branes (intersecting along the
S
1









three branes look like points on this two torus. If we assume that the Q three branes are
uniformly distributed we nd that the distance between one and the nearest neighbor is
typically r
2
 1=Q, so that m
2
 1=Q.











which is small in the regime dened by (2.2). There are also some other possibly light






and an interaction strength of order one, giving corrections proportional to (3.3)
again. There are points in the moduli space where some states could become light, for
example if two threebranes come close to each other. This seems to aect a small fraction
of the hypermultiplets (Q of them vs. a total of Q
2
) therefore it will result in a small








where m is the average mass and gQ is the eective large N(= Q) coupling. But m
2
 1
since the typical distance between any two threebranes is of the order of the compacti-
cation volume, so that we get (2.2) again. Presumably all other eects we could imagine
would also be proportional to (3.3).
In the case that the radius of the circle is small the low energy theory corresponds to
a 1+1 dimensional eld theory whose target space is the moduli space (3.1) but now on
small circle. The fact that we divided out by the permutation group enables us to have
twisted sectors in the low energy conformal eld theory which correspond to long multiply
wound \fractional" strings [23]. These twisted sectors support excitations whose energy
gap is much smaller than 1=R (R is the radius of S
1










in the limit of large charges [32].
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D-brane region Black hole region
Classical Black Hole region
(classical trajectories, Compton wavelength
2
gQ=
smaller than the gravitational  radius)
gQ <<1 gQ>>1
ω
ω 2g Q large





g Q = 1 
Moduli space D-brane theory
Supersymmetry protected extrapolation
1
Compton wavelengths larger than the gravitational  radius
FIGURE 2: Dierent regions in the space of parameters of
a near extremal conguration. D-brane results can be extrapolated for low energies.
4. D-brane vs. Black hole computations
We saw in the previous section that the moduli space metric for the system of one
and vebranes is not changed as we make the coupling strong. This non-renormalization
theorem ensures that there are some low energy processes that can be calculated in the
strong coupling regime (the black hole regime). The entropy of the system will be accu-
rately given by the moduli space approximation if the typical energy of the massless modes,




























[5]. So we conclude that
the entropy is accurately given by the D-brane moduli space approximation, provided we
are in the dilute gas region (2.1).
Now let us turn to the scattering processes considered in [11], [13]. The scalar consid-
ered there was an internal component of the metric h
ij
of the four torus. Since this metric
appears in the moduli space metric of the low energy D-brane theory, we conclude that its
coupling to the massless degrees of freedom is not renormalized.
The calculations [15] that probe the higher order terms in the Nambu action might
also be understood by using this line of argument. The moduli space (3.1) seems to imply
that the excitations of the system are \fractional" strings, this is indeed true for BPS states
[23]. It seems natural that these strings should couple to the background metric with the
Nambu action. This deserves a more careful analysis.
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5. Black hole fragmentation
4
.
One of the possible decay modes of a black hole is by emission of charged particles,
by which the black hole loses its charge, in some sense it fragments into the elementary
constituents. In principle it can emit KK momentum, one brane winding charge and
vebrane charge, the rst one can be described in the D-brane moduli space approximation
described above [12], [13] and the last two correspond to some D-brane leaving the system.





is an entropic suppression factor for the emission of charged particles. For example if it







=n. The emission amplitude therefore has a phase space suppression factor
e
 S
. If all charges are large then S is very large. This is independent of whether we are
in the dilute gas approximation or not, here the question is whether the quantized values
of the charges are large or not.
In our discussion above we have ignored the possibility that the D-branes leave the
black hole since all our discussion concentrated on the hypermultiplet moduli space. As
long as R is not too small R  
0
D-brane emission will be suppressed because of the















to black holes with smooth horizons and small 
0
corrections. The conclusion is that





so that D-brane emission is suppressed. Momentum emission (KK
charge) could or could not be suppressed
5
. Indeed, if the radius of S
1
is very large, then
n can be very large while we are still in the dilute gas region. In this case KK charge
emission is not suppressed and the black hole, more properly a black string, will discharge.
In the case that R is small, say of the order of 
0





be large in xed proportions, then the charged emission will be suppressed. This can
be intuitively understood by remembering that all charged particles would have large




[13]. It is very important that in this case (small R) the moduli space includes twisted
sectors representing multiple windings, ensuring a small energy gap and the existence of
the low energy excitations that account for the entropy. Notice that the total energy of
4
Many of the remarks in this section originated in discussions with A. Strominger.
5




the excitations on the moduli space is large but the temperature is small, due to the large
number of degrees of freedom.
These reasons explaining why D-brane emission is suppressed also justify our restric-
tion to the hypermultiplet moduli space in the D-brane analysis of sec. 4.
It seems that the best scenario for discussing the excitation and decay of an extremal




; N , since in this case the black hole
does not fragment, it has a smooth geometry from the classical point of view and can be
described by the D-brane moduli space as long as we are in the dilute gas and low energy
regions (2.2).
6. Information Loss
We have shown above that starting with a D-brane system we can go to strong coupling
and still continue having the same description at low energies. It includes back reaction
and it keeps track of the black hole microstates. The description is unitary, the unitarity
problem disappears when we use the full string theory.
At the same time we have the traditional semiclassical description of the black hole.
Since both descriptions pertain to the same physical object they should somehow agree.
The semiclassical results are recovered when we trace over the black hole microstates
provided by the D-brane description. It is important here that we are restricting to low
energies (2.2), at low energies the black hole already looks like a pointlike system, so that
replacing it by the D-brane moduli space theory just amounts to providing a description of
the black hole states and their interactions with the outside world. This eective low energy
theory is similar in spirit to the low energy description of the scattering of massless fermions
o a magnetic monopole (Callan Rubakov eect) [33], where one replaces the monopole
by a rotator sitting at the origin. It is clear that the low energy D-brane moduli space
Hamiltonian is unitary, massive modes provide just small corrections. A big dierence
between the two descriptions is that the D-brane description keeps track of the black hole
microstates. Only after tracing them out we get the usual thermodynamic description.
There is an interesting question: what exactly is the problem about the usual infor-
mation loss argument in this case? The answer is not totally clear, it is an interesting
problem. Hawking's thermal matrix [18] relies on tracing over the modes that go into the
black hole, the D-brane picture suggests that one should think of these modes as part of
the black hole excitations, so it is not reasonable to trace over them if one is keeping track
11
of the changes in the black hole microstate as the radiation is emitted. There have been
many suggestions in the literature of things that could be wrong like some non-locality
of string theory at high relative boosts [34], the ideas of black hole complementarity [35],
etc..
Even though this argument says that there is no information loss at low energies
there could indeed be information loss at higher energies since the D-brane moduli space
description is valid only at low energies. So the general question remains open but there
is a corner (low energies) from which it seems eliminated.
It would be nice to extend these arguments to near extremal four dimensional black
holes.
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